Abstract. Puncturing blood vessels during percutaneous intervention in minimally invasive brain surgery can be a life threatening complication. Embedding a forward looking sensor in a rigid needle has been proposed to tackle this problem but, when using a rigid needle, the procedure needs to be interrupted and the needle extracted if a vessel is detected. As an alternative, we propose a novel optical method to detect a vessel in front of a steerable needle. The needle itself is based on a biomimetic, multi-segment design featuring four hollow working channels. Initially, a laser Doppler flowmetry probe is characterized in a tissue phantom with optical properties mimicking those of human gray matter. Experiments are performed to show that the probe has a 2.1 mm penetration depth and a 1 mm off-axis detection range for a blood vessel phantom with 5 mm/s flow velocity. This outcome demonstrates that the probe fulfills the minimum requirements for it to be used in conjunction with our needle. A pair of Doppler probes is then embedded in two of the four working channels of the needle and vessel reconstruction is performed using successive measurements to determine the depth and the off-axis position of the vessel from each laser Doppler probe. The off-axis position from each Doppler probe is then used to generate a "detection circle" per probe, and vessel orientation is predicted using tangent lines between the two. The vessel reconstruction has a depth Root Mean Square Error (RMSE) of 0.3 mm and an RMSE of 15
Introduction
In minimally invasive brain surgery, percutaneous interventions are commonly performed, for example, in biopsies [1] , deep brain stimulation (DBS) implantation [2] , and a relatively new direct drug infusion method to the brain called Convection Enhanced Delivery (CED) [3] . During these procedures, inadvertently puncturing blood vessels can be a life-threatening complication [4, 5, 6, 7, 8, 9] . In [5] , up to 8% of patients who underwent the biopsy procedure had this complication, while during deep brain stimulation, [6] found an occurrence of 5%. Even though preoperative imaging data are used to plan a safe, obstacle-free path, intraoperatively, brain shift and other tissue deformations (such as pulsatile motion and breathing) may occur that would invalidate the plan, with the subsequent need for updated images to be acquired [10] . In order to avoid these complications, real time sensing is needed in the operating theater. Unfortunately, commonly used imaging modalities such as Magnetic Resonance Imaging (MRI), X-Ray and Ultrasound do not lend themselves for use intraoperatively in this application. MRI is expensive, requires significant processing time/computational power to construct the image volume and requires MRI-compatible tools [11, 12] . The ionizing radiation of X-rays hinders its application in lengthy surgical procedures [11, 12] . Finally, while ultrasound can and has been used intraoperatively, its resolution is currently not able to capture millimeter-size vessels, and ultrasound waves cannot easily penetrate the skull [13] . To avoid a hemorrhage caused by puncturing a blood vessel during a procedure, investigations have been conducted on the deployment of forward-looking, laser-based sensors mounted on the needle tip. The laser signals are delivered and collected through optical fibers. Liang et. al [14] used an Optical Coherence Tomography (OCT) probe as the sensor to detect a blood vessel in front of the advancing needle. In [13] , a CoherenceGated Doppler (CGD) system was developed that detected a blood vessel deeper into brain tissue, compared to OCT. However, the CGD system lacked quantitative information on the position of the vessel. The only existing literature describing a real clinical procedure is that from Wardell et. al. [15] , where a commercial Laser Doppler Flowmetry (LDF) probe is used as a potential vessel tracking method to record the perfusion value along the insertion path during DBS implantation. Additionally, current percutaneous intervention procedures use a rigid needle. This means that, if there is an obstacle (e.g. a blood vessel) detected along the insertion path, the procedure must be interrupted. To address this limitation, current research has been directed towards the field of steerable needles, as these have the ability to steer around obstacles and thus correct for any misalignment [16] . Steering inside tissue is achieved by controlling the bending of the needle either as a direct result of passive needle-tissue interactions or active modification of the needle shape [17] . Steerable needle designs cover bevel-tipped needles [18] , concentric tube needles [19] , tendon actuated needles [20, 21] , and programmable bevel needles [22] . Spinning the needle about its insertion axis is required to control deflection of bevel-tipped needles. However, this type of spinning can cause damage to the surrounding tissue during insertion [18] . The tip of the tendon-actuated needle can be articulated during the insertion to control tool-tissue interaction forces and thus the insertion trajectory, but, in doing so, it will displace the tissue surrounding the tip of the needle [21] , which is undesirable. Steering concentric tube needles does not require tool-tissue interaction forces to be exploited, but, for use as a steerable needle system, follow-the-leader deployment is necessary, which continues to present significant technical challenges [23] . Although any steerable needle system has the ability to avoid an obstacle, to date there is no reported use of a steerable needle system with embedded forward looking sensors to avoid a vessel along its path. Indeed, the main focus areas for steerable needle sensing to date have been position tracking, force sensing, and shape sensing [18, 24, 25, 26] . Ayvali et. al [27] studied the use of OCT in an active needle system. They showed that the OCT probe developed by Liang et. al. [14] could be used in a bending needle. However, in [27] no study about vessel avoidance using their needle system was presented. The programmable bevel-tip needle (PBN) design, first demonstrated by Frasson et. al in 2008 [28] and originally referred to as "Soft Tissue Intervention and Neurosurgical Guide (STING)", offers a multi-segment approach, which is inspired by the ovipositor of parasitic wasps in the Ichneumonoidea family. The ovipositor, which is approximately 0.2 mm in diameter, can be as long as 18 cm, possessing the ability to penetrate wood and to steer within it to reach a suitable location to lay eggs [29] . It consists of multiple valves, called ventral and dorsal valves, which interlock with one another through a dovetail mechanism called the olistheter [29] . The olistheter holds the valves together, but also allows them to slide independently with respect to one another. This unique configuration enables the insect to enact a reciprocating insertion strategy, in which forward axial motion is performed sequentially by each valve, in such a way to avoid buckling even in the presence of a hard substrate, such as the bark of a tree [30, 31] . Outward facing teeth are present at the tip of the valves, which can be used to anchor each segment onto the wood to generate a tensioning force that stabilizes the insertion [31] . After failing to reproduce this mechanism based on anisotropic surface characteristics [28] , the PBN design evolved into the form described here. Teeth are replaced by a complex sequential insertion method that achieves the same tensioning effect through the ratio between stationary and moving segments of a 4-part PBN (i.e. always maintaining a larger amount of contact surface that is stationary at any one point during the insertion). We have demonstrated in previous work that such an approach enables us to reduce surrounding tissue motion during an insertion, thus increasing the accuracy of the needle tip delivery [32] . Detailed observation of a parasitic wasp probing behavior shows that the multi-segment ovipositor is also useful for steering [33] . The offset between segments generates an asymmetric reaction force in the tip of the ovipositor during the insertion process [33] that results in bending along a prescribed direction (Figure 1 ). By varying this asymmetry, the radius of curvature of the bend can be controlled, enabling the ovipositor to be steered [33] . The ovipositor also possesses "sensilla", which provide sensory feedback about the movement of the ovipositor [29] or to discriminate the type of the substrate being traversed [34] . Similar to its biological counterpart, our current PBN design consists of at least two segments that are linked by a dovetail mechanism, enabling these to slide with respect to one another. Embodiments of a four-segment needle demonstrate the ability to steer along an arbitrary three-dimensional (3D) path along 8 principal directions by changing the leading segment [35] (Figure 2c ) without relying on transmission of torque from base to tip. Therefore, PBNs can be manufactured from highly compliant materials that can be matched to a softer tissue, such as brain, in order to enhance dexterity [36] . In addition, compliant materials can also be useful to manufacture an implantable needle for long term brain treatment [37] , a clear focus of the current, EU funded EDEN2020 project (www.eden2020.eu). The current embodiment of the needle is manufactured using a biocompatible polymer with an outer diameter of 2.5 mm, which is the same size as that of commercially available biopsy needles (e.g. the sedan side cutting biopsy needle, A2430-01, Electa, Stockholm, Sweden). Figure 2 shows microscope images of the PBN, a representation of the relative motion between segments, and a schematic of its cross section. Figure 2c shows that the needle has a lumen in each of its segments. The lumen can be used as a conduit to deliver drugs and minimally invasive instruments, or as the working channel for imaging modalities based on optical fibers. Even though several aspects of the PBN have been studied [28, 38, 39, 40] , this paper captures our first attempt at making use of the unique capabilities of the system to solve the clinical need to avoid hemorrhages, with the proof of concept of a detection method based on measurements from forward looking optical sensors embedded within the steerable needle segments. By using two sensors in two of the four working channels of a PBN prototype, we demonstrate that vessel pose can be inferred, providing the necessary knowledge to plan and execute a subsequent avoidance strategy, a method that could also be applied to other needle designs, for instance the wasp-inspired steerable needle in [41] . the paper is organized as follows. Firstly, a commercial laser Doppler blood-flow monitoring system is experimentally characterized in a brain tissue phantom. Based on the characterization results, a feasibility study where this probe is deployed within the PBN is then conducted. Secondly, an algorithm is presented, which enables prediction of the vessel orientation and position using two sensors embedded within the needle, with experimental results using the proposed algorithm discussed. The paper concludes with a summary of the main findings, where a number of future research avenues are highlighted.
Laser Doppler Flowmetry Characterization
Laser Doppler Flowmetry (LDF) monitoring systems are commonly used to monitor microcirculation (i.e. circulation in very small vascular capillaries). The LDF sensors Steering direction can be controlled by changing leading segment, the arrows indicate eight principal steering directions [35] detect blood vessels by measuring the Doppler shift generated by the movement of the blood cells that they contain. Since light is scattered inside the substrate, it is challenging to determine the source of the signals. This scattered light means that determining the absolute perfusion value of blood flow is not possible [42] . Brownian motion of latex particles in water is used as a standard to calibrate an LDF system [43] . Therefore, the perfusion measurement is a relative value with an arbitrary unit (AU). Based on the simulation results of Fredrikson et. al. [44] , the measurement range of LDF possesses a larger off-axis detection range compared to OCT and CGD (up to a few mm for LDF, 10 µm for OCT, and 40 µm for CGD). Consequently, a laser Doppler system (OxyFlo TM , Oxford Optronix, Abingdon, UK), with a bare-fiber type probe (NX-BF/F, Oxford Optronix, Abingdon, UK) was chosen as the sensor ( Figure  3b ), since an offset exists between the center of the PBN lumens and the center of the needle itself (see Figure 2c ). To simplify the setup process, in this study, LDF is used to detect the presence of larger vessels, with a diameter > 0.2 mm [45] . The Doppler probe that was used consists of two fibers, one for illumination and the other for collection of the light (Figure 3a) . In Fredriksson et. al. [44] it was shown that, for 0 to 1.2 mm fiber separation (i.e. the center to center distance between fibers), the larger the separation between source and collector fibers, the deeper the source of the reflected signals that could be detected. Due to the lumen size of each needle segment (0.30 mm, Figure 2c ), the probe that was used during the experiments also has a 0.30 mm outer diameter. Both the illumination and collection fibers have a diameter of 0.15 mm, with 0.15 mm fiber separation. To verify the use of the probe as a vessel detector able to inform an eventual puncture avoidance system, the probe should have the ability to detect a vessel located in front of the tip of the needle. Based on the geometry of the tip, Figure 4 shows the minimum detection range for the sensor to satisfy this requirement (> 0.67 mm depth detection, and > 0.88 mm off-axis detection).
Characterization Materials and Methods
The sensing capabilities of the probe were tested using a phantom that mimicked the optical properties of a blood vessel inside human gray matter. In order to achieve the 0.75 mm -1 reduced scattering coefficient of human gray matter [46] , 3 g/L of titanium dioxide powder (TiO2) [47] was added to 4.5% weight gelatin, achieving a measured Young's Modulus of 7 kPa [48] , which is in the ballpark of measurements taken for gray matter [49] . A capillary tube with an outer diameter of 0.9 mm and an inner diameter of 0.6 mm was used as a blood vessel phantom, while the blood surrogate was milk, with 1.5 % fat content [50] . In this paper, the term depth detection is defined as the distance between the probe and the outer surface of the tube, while the off-axis (lateral) distance is defined as the distance between the center axis of the tube and the center axis of the probe. To test the measurable depth of a vessel below the gelatin surface, the capillary tube was placed at a gradient (θ v ) inside the gelatin. The maximum depth detection range was investigated by scanning axially above the tube on the gelatin surface (Figure During the experiments, milk flow velocities were achieved using a syringe pump (Graseby 3200, Graseby Medical Ltd., UK). The depth detection range was measured for three different flow velocities, 1 mm/s, 5 mm/s and 10 mm/s, with 0.30 mm depth increments, starting from 0.30 mm tube depth. Lateral measurements were only performed for 5 mm/s flow velocity, which represents the maximum flow velocity described in [13] , with 0.10 mm resolution and at four different tube depths (0.30 mm, 0.90 mm, 1.50 mm, and 2.10 mm). In order to calibrate the zero depth position, the sensor was moved along the gelatin surface (right to left, Figure 5a ) until it touched the tube. Since the tube was placed manually in the gelatin box, the computed uncertainty in finding the zero depth position was estimated as ±0.10 mm. In each position, the Doppler signal was measured a minimum of 5 times and the average was taken. Figure 7 shows the perfusion value for different flow velocities at various depths. Figure  8 shows the off-axis perfusion value for a flow velocity of 5 mm/s at four depth positions when measured across the capillary tube. The background signal of the LDF system was measured when there was no flow in the capillary tube and was found to fluctuate (mean: 13.7 AU, standard deviation: 29.4 AU). The threshold for vessel detection was empirically set at 120 AU since, starting from this value, the perfusion level showed a statistically significant difference for all depths, when compared to the lowest 
Characterization Results

Vessel position and Orientation Prediction -Proof of Concept
In this section, a new method to predict the position and orientation of a possible vessel in front of the needle is proposed. The detection algorithm is based on the characterization results for 5 mm/s flow velocity (Section 2). These characterization results show that, for a given perfusion value, the exact position and orientation of Mean and standard deviations of perfusion value against capillary depth for three different flow velocities, the dash-dot line is the threshold value a vessel cannot be determined using a single measurement, since positions that give the same perfusion value are not unique. Successive measurements, combined with measurements from multiple optical probes made possible due to the PBN's multisegment design, were used to infer the tube position and orientation. For the algorithm developed here, we make the assumption that the vessel detected by the probe is just one and that it is lying approximately in a plane normal to the needle axis.
Materials and Methods
Insertion Experiments using Two LDF Probes
The same tissue and blood vessel phantom was used as for the characterization experiments (Section 2.1). A tube was placed inside a gelatin box on a gradient (Figure 9a ). Two laser Doppler probes were placed in the PBN prototype, as shown in Figure 9b . The needle, embedded with the probes, was then placed in a two degree-of-freedom linear stage. To investigate the ability of the probes to discriminate between vessel poses, measurements were taken for several tip off-axis positions (defined with respect to the needle coordinate system (x n , y n , z n ) in which the axis of the vessel intersects with x n ). The center of the global coordinates of the box was set at 0.00 mm tip off-axis position. By moving the PBN in the y direction, a variable tip off-axis distance could be created. Perfusion values [15] , since it is the minimum resolution needed to be able to detect local changes in microvascular measurements, starting 3.00 mm away from the tangent plane of the vessel in the xy-plane. This starting location was set as z = 0. During all insertions, the flow velocity was maintained at 5 mm/s. For every depth increment, the needle was kept in place and the Doppler signal was measured during that time, alternating between the two probes (5 s for each probe) due to the inability of the detection system chosen here to look at both simultaneously. Ten repetitions were performed for each tip off-axis position. The experimental set-up for predicting the tube position and orientation is shown in Figure 10 .
Algorithm Development for Vessel Position and Orientation Prediction
To develop the algorithm for predicting the vessel position and orientation (i.e. the pose), the characterization results from Section 2.2 were approximated using a twodimensional function. To find the best approximation, off-axis and depth measurements were analyzed individually before being combined into a single expression. The steps to find the approximating function were as follows: Figure 11: 2D map of the perfusion value generated using (1)
• The depth perfusion value is approximated using an exponential function since the probability of a transmitted photon is also an exponential function [51] .
• The off-axis perfusion value for each depth is approximated by a bell shaped function with the Gaussian f zi (y) = a 0 e (−y 2 /a 2 1 ) , where a 1 is a variable used to account for off-axis perfusion values at different depths.
The complete behavior was thus approximated as:
where b is background noise, y p is the off-axis distance from the laser Doppler probe to the vessel, and z p is the depth of the laser Doppler probe from the vessel. Constants c 1 − c 5 were found empirically using the MATLAB (The Mathworks inc., USA) curve fitting toolbox. The two-dimensional (2D) map of perfusion values obtained from (1) is shown in Figure 11 . LDF perfusion values for a given depth and off-axis position can be obtained from (1) . However, during the insertion process, the depth (z p ) and the off-axis (y p ) position from the probe must be inferred from the measured signals using the inverse of (1). A lookup table of (1) facilitates its conversion into a grid used for mapping the insertion environment and provides the additional benefit of overcoming difficulties associated with an analytical inverse function, as the off-axis position, y p , approaches zero. Unlike a standard laser range finder that gives a measured distance directly, the LDF sensor does not provide a unique vessel position. There are multiple depths and off-axis positions that result in the same perfusion value. This is illustrated using the contour plot shown in Figure 12 . To tackle this ambiguity, the recorded contour lines from each probe were transformed into global coordinates while the needle was advancing. A rigid glass tube was used as the blood vessel phantom, so an assumption could be made that the vessel in front of the needle would not move while the needle advanced towards it. Using this assumption, unique solutions were found at the intersection of two isolines in . In order to reduce the solution to a pair at the same z position, a minimum of three consecutive measurements is therefore required. It should be noted that, up to this point, we assumed the vessel to be a line that lies on a plane parallel to the xy-plane perpendicular to the insertion axis of the needle (see Figure 9a ). The location of this plane was at the z position where the three contour lines intersect. To convert the 2D map into three dimensions, the probe measurement was assumed to possess rotational symmetry about the probe z p axis (z pt for the top probe and z pb for the bottom probe) and normal to the vessel's assumed plane. This means that, in the vessel plane, the possible probe off-axis distance (y p ) is rotated, generating a detection circle. The vessel position and orientation is then the tangent line of this detection circle, for which there are infinite solutions. To reduce the number of possibilities, measurements using the second embedded probe are used, as this measurement provides another detection circle. The vessel is then determined as coinciding with the tangent line to both of the circles, reducing the number of possibilities to four. Figure 13 shows the mean and standard deviation of perfusion values for ten insertion experiments, using two laser Doppler probes, at five different tip off-axis positions. It shows that the position of the tube affects the perfusion value from each laser Doppler probe. At 0 mm tip off-axis position, there is no significant difference in perfusion values between the two probes, for all distances to the vessel. However, for the remaining tip off-axis positions, statistically significant differences in perfusion values (t-test, p = 0.01) are observed, starting from vessel positions which are 1.50 mm (Figure 13a and 13b ) and 1.00 mm (Figure 13d and 13e) away from the tip of the needle. The algorithm to predict vessel pose was used to analyze the data for each insertion. An example of how this algorithm works is shown in Figure 14 , using the mean value measurements of the bottom probe at 0 mm tip off-axis position. A significant perfusion value (>120 AU) was detected at point A in Figure 14a that gives a corresponding contour line of possible vessel positions in the xz-plane in global coordinates, as shown in Figure 14b . At the next increment (point B) another contour line was recorded (Figure 14c ). Even though, in this case, there already were a pair of intersection points at the same z position, another measurement at point C was still required to account for the worst case scenario, where three successive measurements are required. After recording the perfusion value at Point C, the third set of contour lines were recorded and the z position of the vessel plane (z = 3.10 mm) and the radius of the detection circle (LP = 0.70 mm) of the bottom probe were determined (Figure 14d ). Repeating this method for the top probe then gave two detection circles. The possible number of vessel poses was then reduced to four, shown by dash-dot lines in Figure 15 .
Vessel Pose Prediction Results
To investigate the performance of the algorithm, every insertion was analyzed. The characterization results (Section 2.2) show that, for a given depth and off-axis position, there is a variability in the LDF perfusion value. Therefore, in order to look for the corresponding contour line, the recorded value was included with ± one standard deviation, as measured during the characterization process. The z position of the vessel plane and radius of the detection circle in global coordinates were then determined by computing the centroid of the intersection area.
To quantify how good the tube reconstruction is, a comparison to the ground truth was conducted. Three parameters were compared:
• The z position of the detected vessel
• The angle between the vessel and the tangent line between the two detection circles that lies closest to it, where the angle of the vessel was set experimentally to 2
• for all trials
• The x n intersection of the tangent line of the two detection circles that lies closest to the vessel (inset in Figure 15 (in this case, x n and y n align with x and y of the global coordinate)), which should equal to the real tip-off axis position of the vessel with respect to the needle tip.
Using the parameters above, the mean of the recorded depth position is 3.00 mm, with 0.35 mm standard deviation and 0.37 mm RMS error. The RMS error for the tip off-axis prediction is 0.36 mm. The angle prediction has an average of 5.8
• , with 15.1
• standard deviation and 15.6
• RMS error. Tabulated data for these results is shown in Table 1 . 
Discussion
In this study, forward looking sensors have been implemented in a biologically inspired steerable needle, which borrows from the unique ovipositor design of certain wasps. The needle has the ability to steer around obstacles so that retraction and reinsertion is not needed, if a vessel is detected along its path. The needle is manufactured from a biocompatible, compliant material so it is suitable for long term brain treatment [3, 37] . As the focus of previous works in steerable needle sensing are position, force, and shape sensing [18, 24] , the goal of this study was to develop embedded forward looking sensors that could detect a vessel in front of the tip of the needle and estimate its pose to inform an eventual obstacle avoidance strategy.
Characterization Results
The characterization results illustrate the detection range of the 800 nm wavelength LDF probe. Using 5 mm/s flow velocity in a tube with an inner diameter of 0.6 mm fulfills the minimum requirement to detect the vessel in front of the tip of a 2.5 mm OD PBN prototype, as it was shown to cater for up to 1 mm off-axis detection at 0.9 mm depth (Figure 4) . One of the advantages of LDF is that it has a fast response time [52] . During insertion, an increase in the perfusion value means that the tip is approaching a vessel. If a high perfusion value is detected, the insertion can be stopped and, based on the vessel pose estimate, an avoidance strategy that complies with the needle's geometrical and steering constraints can be implemented. Using the sensors, needle insertion can be performed in a safer manner, allowing even vessels that may not have been visible in preoperative images, to be avoided. Indeed, the sensors can detect vessels with a diameter as small as 0.6 mm, which may be hard to image using MRI, due to the limited resolution of the reconstructed volume (typically 0.59 x 0.59 x 1.50 mm, as in [53] ). Additionally, compared to MRI guided procedures, in which the patient has to be moved in and out of the scanner [54] , our method and approach should reduce surgical time without compromising patient safety. The measurement value of the laser Doppler system is affected by both the concentration of the scattering particles and the flow velocity. Figure 7 shows that a vessel with higher flow velocity can be detected further ahead compared to a lower velocity. Therefore, a vessel with lower flow velocity may not be detected before it is too close to the tip of the needle to initiate an avoidance procedure. Nonetheless, the 5 mm/s flow velocity used here is half the value of the average blood flow velocity in a small vein (10 mm/s) and a quarter of the blood flow velocity in an arteriole (20 mm/s) [55] . It is therefore reasonable to believe that the system will work at least as well for more realistic physiological flow velocities. However, the size of the vessel also needs to be considered. In smaller vessels, the lower blood concentration inside it would reduce the perfusion value. Therefore, before surgical implementation, a minimum value of perfusion for vessels that must be avoided during surgery should be defined.
Vessel Position and Orientation Prediction
Here, two laser Doppler probes have been used to determine a safe region for the steerable needle to access in order to avoid a vessel sensed along its insertion path. Here, we have chosen to focus on a 5 mm/s flow velocity inside a 0.6 mm inner diameter tube to prove the concept of LDF-based vessel detection. Due to a dependency on depth and flow velocity, it is not possible to determine the exact position of blood vessels with respect to the needle using a single measurement. Using two diagonally positioned laser Doppler probes in opposite PBN working channels shows the discrepancy between the perfusion values as a function of the distances between the vessel phantom and the probes. In Figure 13c , where the tip off-axis was set at 0 mm, there is no significant difference between the perfusion values from the top and bottom probes, since the distance from the vessel phantom to each probe is equal. For other tip off-axis positions, significant differences are observed, starting at the maximum detection range of 2.1 mm away from the sensor. In a two dimensional world, where a tube/vessel has zero gradient with respect to the normal plane to the needle, the problem of vessel avoidance becomes one of moving on the plane, and thus the vessel can be identified and avoided. However, the vessel angle is in the range of 0 • ± 180
• to the needle's normal plane, and thus further data processing is required. Successive measurements using at least three data points have been used to determine the distance from the tip of the needle to the tube surface and the possible tip off-axis position. Successive measurements rely on the accuracy of the inverse of (1). Equation 1 was derived empirically, since understanding the random scattering inside a medium like brain tissue is commonly achieved using simulation results based on random walks [44, 56] . In this paper, (1) was only used to smoothen the characterization data. Using two probes, the distance from the tip to the needle is determined by the mean of the distance from the top and the bottom probes. The average distance prediction from the probe to the surface of the tube gives sub-millimeter accuracy, with an RMS error of 0.37 mm. However the RMS error of the angle measurement is 15.6
• . The effect of the tip geometry on tissue deformation has not been considered in the prediction algorithm presented here, and this may be the main source of this rotational inaccuracy. However, for the steerable needle system, in order to avoid an obstacle (e.g. a vessel), the avoidance direction can be set at 90
• to the direction of the vessel axis. If this avoidance direction is used, it is still safe to avoid the vessel, even with the angular RMS error measured here. The algorithm outputs four possible poses for the vessel, and thus the needle "escape" direction should be set as the one which would result in the smallest risk to puncture any of these. As this method is believed to be the first method to employ embedded optical fibers to predict vessel pose, no comparison in terms of accuracy of the system can be made with the existing literature. In future work, four LDF probes will be used, since, in theory, this should eliminate any possible ambiguity, cutting down the number of possible vessel configurations to one. It should be noted that the detection range of the sensor is only 2.1 mm from the needle tip. The detection range can be increased by using a sensor with a longer wavelength (currently the system uses an 800 nm laser). However, using an optical system, the longest detection range that is found in the literature is 3-4 mm [13] . This is less than the minimum radius of curvature of our latest PBN design (a detection depth of 15 mm is needed for a needle with 70 mm radius of curvature, assuming the vessel to be avoided has a diameter of 1 mm, with 0 mm tip-off-axis position). Therefore, a short retraction, followed by reinsertion may be required to completely avoid the vessel, depending on its predicted orientation. Even though retraction is required, full extraction and reinsertion can be avoided, which would be the only option for rigid needle designs, and thus what is proposed here offers a clear benefit for the patient. The inverse data computed from the perfusion value of depth and off-axis positions used in this paper is only valid for the given combination of vessel, medium properties and sensing configuration. Any change in the flow velocity rates, tube diameter, optical properties of the tissue phantom, and the type of the sensor, may change the relationship of the empirical inverse function described here. Since it has been shown that vessel direction can be predicted using multiple probes combined with successive measurements, finding a more complete relationship for every parameter is possible and will be part of future work. A multi-layer inverse function including, for example, variable flow velocity rates, tube sizes, and tissue optical properties, could be used to give a probability for vessel prediction with a certain confidence interval. Even though laser Doppler probes were used in this paper, the concept of finding a possible vessel orientation using two detection circles can be ported to other imaging modalities, such as OCT or CGD using a multi-core fiber. Finally, in this proof of concept, static experiments were performed. In future work, real-time measurements while the probe is moving will be conducted. This requires advanced signal processing to discriminate between tissue motions and a blood vessel, since both of these must be simultaneously detected. In summary, the method for vessel pose prediction presented here makes several novel contributions: (1) the use of relative measurements between multiple laser Doppler probes to predict which probe is closer to the vessel; (2) the use of successive laser Doppler measurements to determine the likely depth and off-axis position of the vessel; (3) the use of two laser Doppler probes to infer the likely vessel pose.
Conclusion
This paper proposes a novel vessel detection method for steerable needle systems with multiple lumens. The specific proof-of-concept implementation described here employs two laser Doppler flowmetry probes, embedded withing a unique multi-segment, multilumen design of the PBN, a steerable device inspired by the egg laying channel of certain parasitic wasps. Errors of 0.37 mm (RMS) in depth detection and 15.6
• angular error for predicting the vessel pose were achieved here, but with significant potential for improvement. Indeed, better knowledge of the effect of tip geometry on sensor measurements and the deployment of additional sensors within the PBN (e.g. 4 laser Doppler probes, which could be deployed without any change to the needle design) would improve the performance of the system considerably. Associating such a comprehensive detection system with appropriate obstacle avoidance control strategies is expected to reduce the risk of hemorrhage in keyhole neurosurgery, thereby paving the way for the eventual clinical application of safer surgical needle steering technology.
